Morphological variation is a common yet poorly understood feature of influenza virus populations. Vahey and Fletcher reveal that the production of physically and phenotypically heterogeneous particles is an inherent feature of the influenza assembly process that may promote virus survival in challenging environments.
Within any RNA virus population, there is an enormous amount of heterogeneity between individual virions. This is best appreciated at the genetic level, as high viral mutation rates generate swarms of genetic variants during every replication cycle (Andino and Domingo, 2015; Brooke, 2017) . This genetic diversity provides the raw material for adaptation in the form of pre-existing mutations that may facilitate survival following environmental changes. Beyond genetic diversity, influenza viruses (and many others) also exhibit an enormous amount of morphological heterogeneity, or pleomorphy, that remains poorly understood (Calder et al., 2010; Dadonaite et al., 2016; Harris et al., 2006) . Now, Vahey and Fletcher use a powerful new multiplexed fluorescent virus labeling method to reveal that influenza virus assembly is inherently ''low fidelity'' and results in the production of a swarm of physically and phenotypically heterogeneous particles (Vahey and Fletcher, 2018) . Critically, they show that this phenotypic heterogeneity can facilitate viral survival following a stringent environmental challenge, raising several fascinating questions about the role of assembly fidelity during influenza virus evolution ( Figure 1 ).
The observation that influenza viruses are pleomorphic is not a new one. Numerous studies over the years have shown that both the size, shape, and structural composition of influenza virions within a single population can vary significantly (Dadonaite et al., 2016) . Further, viral morphological variation appears to be highly important in vivo, as there is a clear tendency to promote the production of filamentous virions during human infection. Unfortunately, efforts to understand the causes and consequences of viral pleomorphy have been hampered by a lack of suitable experimental tools that allow the examination of physical heterogeneity at the single-virion level in the context of infection.
Vahey and Fletcher have overcome this crucial obstacle by developing a series of virus-encoded tags that permit highefficiency labeling of individual viral proteins with minimally invasive fluorescent probes that have a negligible effect on protein function or infectivity. By multiplexing tags across multiple viral proteins, they generate a high-resolution quantitative profile of protein content across single virions, revealing that the copy number of individual viral proteins can vary up to 100-fold between virions. This variation has important phenotypic consequences, as the relative amounts of the viral hemagglutinin (HA) and neuraminidase (NA) proteins on the virion surface can influence the efficiency with which the virus enters or exits cells, as the authors demonstrate, as well as viral tropism (Guo et al., 2018; Wagner et al., 2002) . Importantly, they show that viral genetic diversity and host cell heterogeneity are dispensable for the generation of virion physical heterogeneity. Instead, the authors argue that the production of physically and phenotypically heterogeneous virions is an intrinsic feature of the influenza virus assembly process.
In the study, variation in size or protein content had minimal effect on the efficiency of virion uptake or release by cells under relatively permissive conditions; however, when the authors added an environmental stressor by treating with an antiviral drug that inhibits the viral NA protein, virions with relatively higher NA protein abundance proved to be more efficient at release and presumably transmission to the next round of cells. This suggests that the production of a wide phenotypic spectrum of particles may be beneficial under shifting environmental conditions by increasing the chances that at least a fraction of virus produced will exhibit a viable phenotype. Thus, low fidelity assembly could be consistent with a bet-hedging strategy in which the virus produces many particles that exhibit suboptimal functionality under normal conditions but may confer an advantage under certain circumstances. More work is needed to quantify the potential costs associated with low fidelity assembly, and to explore why these costs may be tolerated. By promoting viral survival in adverse environments, low-fidelity assembly could facilitate the eventual evolutionary rescue of the population through mutation.
This groundbreaking study raises several compelling questions. For instance, does viral assembly normally generate variant virions with other beneficial phenotypes, such as expanded tropism, better environmental stability and transmissibility, or greater potential to escape from antibody neutralization? If so, it would have important implications for how we think about the role of viral assembly in transmission and immune escape.
This work also raises an intriguing question about the genetic underpinnings of phenotypic plasticity. It is well established that the extent of standing genetic variation within viral populations can be influenced through viral substitutions that modulate polymerase fidelity (Peck and Lauring, 2018) . It seems reasonable that the fidelity of viral assembly and the resultant degree of standing morphological variation could also be under viral genetic control and thus subject to selection. The authors touch on this possibility with their use of a viral mutant that influences the virion size distribution. Future studies could explore how different influenza strains vary in this feature or whether there is evidence of selection for an optimal degree of assembly fidelity during circulation in the wild. Finally, many other enveloped viruses are highly pleomorphic, and it will be interesting to see if common principles govern the causes and consequences of assembly fidelity across virus families.
All biological processes are inherently stochastic to some degree, and thus, viral genotypes are more likely to encode a spectrum of phenotypes rather than a single, perfectly consistent one. This paper makes clear that these phenotypic spectra may be much more consequential than has been previously appreciated and highlights that we need to better understand how selection acts on the repertoire of phenotypes encoded by a single viral genotype rather than the average. Altogether, this study opens an exciting new frontier in influenza biology and suggests that physical and phenotypic heterogeneity may be a key ingredient in the remarkable evolutionary success of these viruses.
Figure 1. Low-Fidelity Assembly in Action
(A) Within a permissive environment, progeny virions exhibit a broad phenotypic spectrum in terms of size and protein composition (indicated by different colors). (B) Within a more restrictive environment (such as sub-optimal temperature or drug treatment), only a narrow range of the total phenotypic spectrum is capable of release (red and orange) while virions with sup-optimal phenotypes remained attached to the cell. (C) Because this phenotypic variability is not genetically encoded, the total phenotypic spectrum is recreated during every replication cycle, regardless of the phenotype of the infecting virion.
